This study is focused on the understanding of the initial stages of explosion of dense plasmas as the phase changes from solid to plasma. Experiments are carried out using a Z-pinch pulsed powered device implemented in a mode of producing a peak current of 35 kA with a rise time (10%-90%) of 60 ns. Experimental results for the expansion dynamics of the exploded plasma are obtained from laser probing diagnostics such as a modified Fraunhofer diffraction probe method and also shadowgraphic and interferometric techniques. Additionally, time-integrated optical imaging is used for the visualization of the matter dynamics. A coupled transient electromagnetic-thermal-structural multiphysics computational model based on the Finite Element Method is developed with temperature-dependent material properties in order to provide valuable insights for important quantitative parameters such as temperature, density and expansion rate of the exploded material. In order to simulate the matter's response, a strength material model (Johnson-Cook) along with an equation of state (Gruneisen) are used. Comparison of experimental vs numerical results of the expansion rates of the mater and the phase change characteristics of the exploded matter gives satisfactory agreement.
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Introduction
The physical processes that take place at the initial stages of electrical exploding wire play an important role in plasma formation in pulsed-power Z-Pinch experiments [1, 2] . The early time dynamics of the processes involved in the explosion of the wire has been proven to be important for the development of Magneto-Hydrodynamic (MHD) instabilities of the Z-pinch plasma [3, 4] . In experiments of wire arrays with current prepulse the single wire dynamics presents a significant interest for dealing with the problem of stabilization of the implosion [5] .
In order to investigate the crucial stages of the phase changes from thermoelastic to melting and plasma regimes thick metallic copper wires have been used in this study. For such wires, electrical charges flow through the skin depth which plays an important role for the exploding dynamics [6] . Laser probing diagnostics such as schlieren, interferometric and diffraction imaging techniques have been used for the measurement of the wire dynamics at the initial stages of the explosion. Moreover, a coupled transient electromagnetic-thermal-structural computational model, based on the Finite Element Method (FEM), is developed in order to provide valuable insights for important quantitative parameters such as temperature, density and expansion rate of the exploded material. The combination of laser probing diagnostics and multiphysics FEM simulations constitutes a powerful tool for analyzing and understanding the initial stages of plasma formation in the wire.
Experimental set-up
Experiments are carried out using a Z-pinch pulsed powered device implemented in a mode of producing a peak current of 35 kA with a rise time (10%-90%) of 60 ns. The Z-pinch pulsed power device consists of a Marx bank of 600 J energy capacity, a water-filled pulse forming line (PFL) and a self-breaking SF6 switch. The copper wire of 300 µm diameter and 15.2 mm length is placed in a vacuum chamber evacuated at 10 -4 mbar. The wire is fixed by soldering it to the conical shaped copper electrodes. A V-dot probe and a Rogowski groove are used to measure the derivatives of the voltage at the PFL and of the current passing through the wire respectively. The second harmonic of a SBS-compressed Nd:YAG, Q-switch laser (EKSPLA, SL312), with 150 ps pulse duration, is used for the schlieren, interferometric and diffraction imaging laser probing techniques. This gives the ability of ns time resolved tracing of the explosion stages. The imaging of the Fraunhofer diffraction at the focus of a lens is employed as a method to determine the expansion of the wire at times before plasma formation [7] . For the schlieren imaging a knife-edge oriented parallel to the wire is used at the focal length of the imaging lens and the formation of coronal plasma is revealed from the bright light appeared at the same side of the wire as that the knife is placed [8] . A Mach-Zehnder interferometer in finite-fringe mode is also developed and used for plasma density measurements.
Finite Element simulation
A 3D multiphysics simulation based on FEM is developed. Maxwell equations (eddycurrent approximation) are solved using finite elements for the wire coupled with a Boundary Element Method (BEM) for the surrounding vacuum. Moreover, the skin depth effect for the wire is also taken into account. When the electromagnetic fields have been computed, the Lorentz force F=j×B, where j is the current density and B is the magnetic field, is evaluated at the nodes and added to the mechanical solver, which computes the deformation of the wire. Furthermore, the Joule heating power term (j 2 /σ, where σ the electrical conductivity) is added to the thermal solver, so as to update the temperature [9] .
In order to properly simulate the magneto-hydrodynamic response of metal: the hydrodynamic behavior is taken into account by using analytical Gruneisen equation of state [10] , the deviatoric behavior is taken into account using Johnson-Cook [11] strength material model and the electrical conductivity versus temperature and density is computed using Burgess equation of state [12] . For the mechanical response, the Johnson-Cook model is coupled with the Gruneisen equation of state. The Johnson-Cook material model takes into account the effect of plastic strain, strain rate and temperature rise. Temperature dependent properties of thermal expansion, thermal conductivity and specific heat, as well as the latent heat of melting are also taken into account. Regarding the boundary conditions, the ends of the wire are fixed at environmental temperature (27°C). An important aspect of the developed simulation is that the Lagrangian mesh is appropriately refined in order to accurately simulate the dynamic phase changes of matter in the region of the skin depth. The loading source term is the alternating current as measured and recorded during the real experiments.
Results and discussion
The explosion of the initially solid metal wire and its intermediate phases are investigated, up to the plasma formation, in this study. In order to investigate the wire diameter dynamics before plasma formation, a modified Fraunhofer diffraction method is implemented with high accuracy in measuring the wire width. The fringes pattern at the focus of a lens is recorded before the explosion and at a time defined form the delay unit. The focal spot of the laser probe beam was shifted just out of the CCD's frame of the camera in order to reveal the second and higher order fringes at the image. The line out of the image along the diffraction axis is used for the measurement of the wire's diameter and consequently the evaluation of the expansion at the time of the snapshot. Fig.1 illustrates the diffraction pattern of the measurement of the wire's diameter at 140 ns from the current start, just before plasma formation starts. At this time plasma has not yet been formed as confirmed by the simultaneously obtained interferogram. The measured diameter compared with the initial measurement shows an expansion of 7.4 (±0.8) µm. At that time the simulation gives an expansion of 7 (±0.2) µm. An average radial expansion rate of 65 m/s results from experimental measurements, while a radial expansion rate of 60 m/s is computed in the simulations. In order to experimentally investigate the plasma formation at early times and especially to elucidate information about the initial time where the plasma formation starts, a series of schlieren and interferometric images were taken at different times from the current start. Fig.2 presents an interferogram as well as a schlieren image taken simultaneously at 150 ns from the current start showing the initiation of the coronal plasma formation at the bottom of the wire (cathode). Fig.3 presents simulation results at the same time showing the computed temperature and density distributions from a cross-section of the wire. A temperature of 3580 °C and a mass density of 3.5 g/cm 3 at the outer part are predicted by the code. Although the plasma initial conditions are now under investigation, these values can be considered to be in the expected window range [13] . Fig.4 shows an interferogram and a schlieren image at 220 ns from the current start which clearly shows that plasma has been formed along the wire at this time. From the interferogram a maximum coronal plasma electron density of 3x10 18 cm -3 at a radius of 285 μm can be calculated [3] . The coronal plasma surrounds the dense plasma core where the probe laser beam cannot propagate due to refraction in the steep plasma transverse density gradients [3] . It should be pointed out here that especially at early times, the formation of the coronal plasma can coexist with a neutral atomic gas surrounding the wire. On the images of Fig. 4 the decrease of the refractive index due to coronal plasma is dominated near the wire as can be seen from the resulting upwards bending of the interferogram fringes. This is also confirmed by the schlieren image which shows a bright light mainly at the left side of the wire, the side which the "schlieren stop" cuts-off the probe laser focal spot. Contrarily, at the other side of the wire there is dark, except for some places at the bottom and the middle of the wire. These suggest that the gas is significantly ionized to plasma which is subject of further investigation. The depicted numerical simulation results in Fig.5 predict the temperature and the density of the outer part of the wire to be 5200°C and 1.7 g/cm 3 respectively (while copper's solid density is 8.96 g/cm
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Diagnosing the initial stages from solid to plasma phase Evaggelos Kaselouris 5 a b The preliminary investigation presented here, shows satisfactory agreement of experimental vs FEM results concerning both the initial times of wire's expansion (before plasma formation) as well as the coronal plasma formation. The combination of the multiphysics FEM model and the experimental method is capable to describe the wire expansion dynamics. Further coupled-field numerical simulations that use a multiphase equation of state instead of the analytical Gruneisen along with new experiments are under development.
